The mapping results indicate that the ultracataclastic veins are distributed mainly in a zone 1 of <150 m wide bounded by the main fault trace of the ATTL (Fig. 2 ). This finding 2 indicates that the ultracataclastic veins occur within the fault-damage zone, bounded by the 3 main fault. The ultracataclastic veins occur as simple veins (herein called fault veins) along 4 the fault planes and as complex lens and networks in the country rocks (herein called 5 injection veins) (Figs 3-6 ). The veins appear to be randomly oriented (Fig. 2b) and are 6 black, brown, gray, dark-gray, bluish-gray, yellowish-gray, and brownish-red in color. 7
Based on structural features, the veins can be divided into two types: hard and aphanitic 8 pseudotachylyte-like veins (Figs 3 and 4) and weakly consolidated to unconsolidated fault 9 gouge veins (Figs 5 and 6). The veins are described in detail below. 10 11
Pseudotachylyte-like vein 12
The pseudotachylyte-like vein is dark-brown, hard, and aphanitic, and generally 13 occurs as thin films and simple veins along fault planes, and as complex injection veins, 14 including lenses and networks of veins, in the country cataclastic rocks that originated from 15 the granitic rocks (Figs 3 and 4). These apparent structural features of pseudotachylyte-like 16 veins are similar with those of typical pseudotachylytes reported to date (e.g., Sibson, 1975; 17 Passchier, 1982; Magloughlin, 1992; Lin, 1994 Lin, , 2008a . Locally, fault veins can be 18 traced along a single fault plane for >10 m intermittently (Figs 3a and 4a) . The fault veins, 19 which are bounded by fault planes, are generally developed in a narrow zone (<10 cm 20 wide) and show irregular and uneven contacts with the country cataclastic rocks (Fig. 4b-d) . Similar overprinting has been reported from both pseudotachylyte-like veins along many 4 faults [e.g., the Iida-Matsukawa Fault (Lin, 1996) and the Itoigawa-Shizuoka Tectonic The injection veins occur as isolated lenses, irregular chains of lenses, and networks 8 that can be locally traced back to the source fault plane over distances of up to >10 m (Figs 9 3, 4c and f). These veins are relatively resistant to weathering and therefore protrude in 10 outcrops, making them easily recognized (Fig. 3) . Pseudotachylyte-like fragments (up to 20 11 cm in size) occur as talus breccias at the base of outcrop ( Fig. 3a and c) . The protruding 12 nature of the veins and the occurrence of vein fragments as talus breccias indicate that the 13 pseudotachylyte-like veins are consolidated and are harder than the country rocks, making 14 them relatively resistant against erosion and weathering. 15 
Fault gouge veins 17
Similarly to the pseudotachylyte-like veins described above, fault gouge also occurs 18 along distinct fault planes as a thin film, as simple veins, and as lenses and complex 19 networks in the fault-damage zone (Figs 5 and 6 ). The fault gouge veins are generally 20 unconsolidated to weakly consolidated and are black, brown, dark-brown, yellowish-brown, 21
brownish-red, gray, yellowish gray, bluish-gray, and dark-gray in color. Most of the fault 22 gouge veins observed in this study are composed of ultrafine-to fine-grained materials that 1 contain less than 10% clasts observable with the naked eye [i.e., less than 30%t in the 2 terminology for fault gouge defined by Sibson (1977) ]. overprinted by younger veins, as also observed for pseudotachylyte-like veins (Fig. 6b-g ). 1
The injection veins of fault gouge occur in a wide zone, far from the source fault plane, and 2 terminate sharply within the country cataclastic rocks (Fig. 6b-g ). Locally, injection veins 3 located close to fault planes can be traced to fault veins by the color and continuity of veins 4 (Figs 5a and 6a) . Such an intrusive mode of origin for injection veins of fault gouge has 5 been reported from some active faults in Japan (e.g., Lin, 1996 Lin, , 2008a ; Shiegetomi and Lin, 6 1999; Kano et al., 2004) . 7 8
Microstructures 9
The pseudotachylyte-like and fault gouge veins were observed by optical microscope 10 and scanning electronic microscope (SEM). All the ultracataclastic veins described above 
Grain-size distribution 1
To understand the distribution pattern of gain-size of the ultracataclastic veins, we 2 measured two typical samples of black fault gouge and pseudotachylyte-like veins. The 3 measurements were performed on the photomicrographs, using the measurement method 4 described by Shimamoto and Nagahama (1992). The fragments of larger than 5 µm were 5 measured as the fine-grained fragments of smaller than 5 µm are too fine to measure under 6 optical microscope. 7
The measurement results were plotted as cumulative diagrams for the major diameter 8 (r) in transversal axis and the total numbers of measured grains (N) in the vertical axis, 9 using logarithmic scales on both axes (Fig. 9) . The results show that there is a similar size-10 distribution pattern between the pseudotachulyte-like injection vein and fault gouge vein 11
and that the fault gouge vein contains more small fragments of <10 µm than that of the 12 pseudotachylyte-like vein. 13 14
Powder X-ray diffraction analysis 15
To identify the rock-forming minerals of fine-grained materials, 12 samples 16 (including fault gouge veins, pseudotachylytelike-veins, and host granitic cataclasite) were 17 selected for powder X-ray diffraction analysis. The measurements were performed on bulk 18 veins and host rocks at Shizuoka University, Japan, using an RINT2000 X-ray 19
Diffractometer under the following analytical conditions: filtered CuK (1.54050Å) 20 radiation, X-ray generator at accelerating voltage 40 kV and 20 mA, divergence slit 1.0°, 21 receiving slit 0.15 mm, and scanning speed 2°/min. 22 Figure 10 shows six typical X-ray diffraction spectra. The default settings of the 1 program were used to identify and remove background noise, and a peak correction was 2 performed to shift sample spectra to the peak positions of the standard library spectra for 3 synthetic quartz. All samples analyzed consist mainly of quartz, feldspar, and biotite, with 4 minor accessory minerals. The results show that all the ultracataclastic veins are composed 5 mainly of granitic rock-forming minerals such as quartz, feldspar, and biotite, which occur 6 in the veins as ultrafine-to fine-grained materials derived from the host granitic rock (Fig.  7   9 ). 8 9 7. Discussion 10
Formation mechanism of the ultracataclastic veins 11
The meso-and microstructural observations, combined with the X-ray diffraction 12 data, indicate that all the ultracataclastic veins described above are composed mainly of 13 ultralfine-to fine-grained crystalline material derived from the country rock, with little or 14 no glassy material. This result indicates that all of the pseudotachylyte-like and fault gouge 15 veins described in this study were formed mainly by crushing rather than melting. Except The injection veins of fault gouge, as observed in the present study, share some of 1 the features of pseudotachylyte-like veins: they consist of ultralfine-to fine-grained 2 fragments of the host rock (nanometer to sub-millimeter in scale) and are injected into 3 fractures with cross-cutting structures within the fault zone. In our previous studies, we 4 proposed three possible formation mechanisms for injection veins and networks of 5 ultracataclastic veins: (i) the rapid spray-like intrusion of ultrafine-to fine-grained material 6 during seismic slip, (ii) the slow deposition of clay minerals and/or fine-grained materials 7 transported by hydrothermal fluids, or (iii) slow intrusion of fined grained materials along 8 fractures during aseismic periods (Lin, 1996 (Lin, , 2008a (Lin, , 2011 Lin et al., 2012b) . In the present 9 case, on the basis of the microstructural features, combined with the lack of clay minerals 10 and the unsorted nature of fine-grained fragments, we consider mechanisms (ii) and (iii) to 11 be unlikely, and therefore favor mechanism (i) in terms of the formation of injection veins 12 and networks of ultracataclastic veins (Lin, 2008a (Lin, , 2011 . 13
The structural modes and petrologic features of ultracataclastic veins described in this 14 study are also consistent with formation mechanism (i). Firstly, if the injection veins 15 formed by slow flow during a long aseismic period, it would be difficult to intrude fine-16 grained materials into sub-millimeter to millimeter-scale fractures over a distance of > tens 17 of centimeters up to several meters in the strongly fractured and/or weak-consolidated 18 fracture zone from the source fault plane without the presence of flowing water (Lin, 2011) . 19
If the injection veins formed via the slow flow of fine-grained materials within 20 underground water, we would expect to find more fine-grained materials and rich clay 21 minerals due to sorting within the fluid. As described in the text, microscopic and X-ray 22 diffraction analysis shows that all the injection veins and fault veins described in this paper 1 are dominated by a homogeneous mass of ultrafine to fine-grained materials with the same 2 rock-forming minerals as that of the fault gouge, breccia and host rocks without distinct 3 increase of clay minerals as reported in other pseudotachylyte-like veins (Lin, 2008a (Lin, , 2011 . 4
The grain-size distribution pattern of fine-grained materials in the pseudotachylyte-like 5 injection vein is consistent with that of the fault gouge vein described in this study as those 6 reported in the pseudotachylyte-like veins and cataclastic veins within active fault zones in 7
Japan (e.g., Lin, 1996 Lin, , 2001 Lin, , 2008a Kano et al., 2004) . This also suggests that the fine-8 grained materials are injected rapidly into the network fractures without sorting of fine-9 grained materials. 10 Secondly, the network fractures developed in the pseudotachylyte-like veins and fault 11 gouge veins, which are considered to be formed by faulting and filled by the ultrafine-to 12 fine-grained materials during a large earthquake because it is difficult to keep the irregular The structural and petrologic features documented above strongly support the idea 20 that the dark, aphanitic injection pseudotachylyte-like veins and fault gouge veins described 21 in this paper formed by rapid injection of ultrafine to fine-grained materials in a short 1 period of seconds of seismic faulting but not formed by slow flow in a long aseismic period. The present study region is located in the margin of the Eurasia plate in southwest 4 Japan, where the average rate of present-day uplift is 1-2 mm/yr (Yosikawa et al., 1981) . 5
Considering the present-day rates of erosion and uplift, we estimate that the networks of 6 pseudotachylyte-like veins and fault gouge developed in the ATTL during the past 2-4 Ma. 7
The geological and geomorphological features of active faults of the ATTL indicate that 8 they formed in the period between the mid-Miocene and the Quaternary, and that they are 9 presently active, with dextral slip rates of 1-3 mm/year and vertical displacement of >0. and fault gouge, occur in a wide (up to 150 m) damage zone along the ATTL, southwest 21
Japan. 22
(2) Both the pseudotachylyte-like veins and fault gouge veins consist of a ultrafine-to fine-1 grained matrix and angular to subangular fragments of granitic rocks that were generated 2 by rapid comminution and injection during seismic faulting from the late Pliocene to the 3
Holocene. 4
(3) Our results support the hypothesis that ultrafine-to fine-grained materials can be 5 fluidized and injected rapidly into fault-fracture networks at sites located far from the 6 source fault plane in a solid-fluid-gas system during seismic slip. Therefore, such 7 materials represent a record of paleoseismic faulting events that occurred within the 8 seismogenic fault zone. 9
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